Recently we identified cycloguanil-like dihydrotriazine derivatives, which provided host-factor directed antiviral activity against influenza viruses and respiratory syncytial virus (RSV), by targeting the human dihydrofolate reductase (hDHFR) enzyme. In this context we deemed interesting to further investigate the structure activity relationship (SAR) of our first series of cycloguanil-like dihydrotriazines, designing two novel azaspiro dihydrotriazine scaffolds. The present study allowed the exploration of the potential chemical space, around these new scaffolds, that are well tolerated for maintaining the antiviral effect by means of interaction with the hDHFR enzyme. The new derivatives confirmed their inhibitory profile against influenza viruses, especially type B. In particular, the two best compounds shared potent antiviral activity (4: EC 50 ¼ 0.29 mM; 6: EC 50 ¼ 0.19 mM), which was comparable to that of zanamivir (EC 50 ¼ 0.14 mM), and better than that of ribavirin (EC 50 ¼ 3.2 mM). In addition, these two compounds proved to be also effective against RSV (4: EC 50 ¼ 0.40 mM, SI ! 250; 6: EC 50 ¼ 1.8 mM, SI ! 56), surpassing the potency and selectivity index (SI) of ribavirin (EC 50 ¼ 5.8 mM, SI > 43). By a perspective of these results, the above adequately substituted azaspiro dihydrotriazines may represent valuable hit compounds worthy of further structural optimization to develop improved host DHFR-directed antiviral agents.
Research paper
Synthesis, biological evaluation and molecular modeling of novel azaspiro dihydrotriazines as influenza virus inhibitors targeting the host factor dihydrofolate reductase (DHFR) Beside vaccination, therapeutic strategies to combat infectious diseases have mainly targeted some unique enzymes or components of viruses, bacteria and parasites. This approved and pathogen-directed approach, while highly successful in many cases [1] , is faced with rising resistance to individual drugs or drug classes. This is also occurring in the field of influenza virus. Influenza epidemics and pandemics continue to be a global threat to human health [2] . Influenza therapy is currently restricted to two classes of virus-directed drugs: M2 ion channel blockers and neuraminidase inhibitors [2] . The first class suffers from global virus resistance and neurological side effects [3] . The alternative neuraminidase inhibitors can also induce resistance and only provides rather modest clinical outcomes [4] . This highlights the urgent need to develop new antiviral strategies with entirely novel action principles and reduced risk for drug resistance. An alternative concept is to design new molecules to target host cell factors that are being hijacked by the virus during its replication [5] . Host factor-directed antiviral therapy is increasingly recognized as a relevant approach to counteract viral resistance and provide broadspectrum antiviral agents [6e8] . The study of virus-host interactions allows the identification of the mechanisms by which viral factors co-opt host cell functions and host regulatory mechanisms that influence disease progression and treatment outcome. These host factors may be potential drug targets for disease management. Host factors for influenza virus [9, 10] , RSV [11, 12] , dengue virus [13, 14] , and human immunodeficiency virus (HIV) [15e18] were recognized by transcriptomic and proteomic methods, providing more detailed biochemical insights into the replication strategies of these viruses. In general, host-directed anti-infective interventions may enhance host cell responses to pathogens, target disease-causing virulence factors, or stimulate innate or adaptive immune responses [19] . Today, different classes of anti-influenza agents are under development to target viral or cellular proteins/ processes [2, 9, 20] .
In this context, we initiated a program to develop new antiviral chemotypes towards a host factor implicated in virus replication: the host (human) dihydrofolate reductase (DHFR) [21] . We recently identified this enzyme as the molecular target of 1-aryl-4,6-diamino-1,2-dihydrotriazines, structurally related to the antimalarial drug cycloguanil (1a, Fig. 1 ) [21] . This class of host DHFR inhibitors possessed intriguing dual activity against influenza A and B viruses and RSV. For the most promising derivatives (11a, 13a, 14a and 16a: range EC 50 ¼ 0.015e0.10 mM), the potency against influenza B was comparable to that of zanamivir (antiviral EC 50 ¼ 0.060 mM) [21] , a neuraminidase inhibitor that is globally advised for influenza therapy [22] . These DHFR inhibitors also exhibited nanomolar activity (mean EC 50~0 .008 mM) against RSV with a SI (ratio of cytotoxic to antiviral concentration) above 10,000 for compounds 11a, 14a and 16a, far surpassing the potency and safety profile of the anti-RSV drug ribavirin (EC 50 ¼ 5.8 mM, SI > 43).
This report details our investigations to probe the antiviral activity of two novel azaspiro-2,4-diamino-1,6-dihydrotriazine scaffolds (compounds 1e21 and 22, 23; see Fig. 1 ) against both Orthomyxovirus (influenza A and B) and Paramyxovirus (RSV) representatives. These new dihydrotriazines were designed in order to better explore the chemical space around these scaffolds that are well tolerated for targeting the host (human) DHFR enzyme, with a view to evaluate its effect on virus inhibition. The new compounds confirmed the inhibitory profile against influenza viruses, especially type B. In order to verify the host-factor DHFR as the molecular target also for the azaspiro dihydrotriazines, the most promising derivatives were assayed against the recombinant hDHFR. These investigations were accompanied by molecular modeling studies of the title compounds in complex with the hDHFR, which predicted the most important features underlying protein/ligand binding. These information suggested the key molecular interactions required to achieve pharmacological activity and helped to rationalize the observed SAR of dihydrotriazinecontaining derivatives acting as host (human) DHFR inhibitors.
Results and discussion

Exploring the azaspiro dihydrotriazine core towards host DHFR-directed antiviral molecules
In our previous series of cycloguanil-like dihydrotriazine derivatives, the N (1) of dihydrotriazine was directly link to a phenyl ring, variously substituted with electron-withdrawing or electrondonating groups, whilst the two methyl groups at C (2) (corresponding to the new spirane C (6), see Experimental section) of cycloguanil (1a) were sometimes replaced with smaller or bulkier alkyl groups.
To further investigate the SAR of this class of compounds (1a-16a, Fig. 1 ), two novel azaspiro-2,4-diamino-1,6-dihydrotriazine scaffolds (Figs. 1e3) were explored. They were obtained by exploiting in a synthetic step the 4-piperidone (for 1e21) or 3-piperidone (for 22, 23), as versatile building blocks, which allowed, via their nitrogen atom, the introduction of an additional reactive center for molecular diversification.
The new twenty-three derivatives were functionalized at the N (1) position of the dihydrotriazine core with an aromatic ring (1e11, Fig. 2; 22 and 23, Fig. 1 ) or an aliphatic chain (propyl in 12e15 or methoxyethyl in 16e21, Fig. 3 ). The dihydrotriazine spirane C (6) was included into a piperidine nucleus, whose nitrogen atom in para position was further decorated with largely different substituted chains by reaction with acyl chlorides, sulfonyl chlorides, isocyanates and carboxylic acids to deliver amide and ureido functionalities. When the nitrogen atom of azaspiro moiety was in meta position only benzyl substituent was explored.
In the previous series of cycloguanil-like dihydrotriazine derivatives, bulky cycloalkyl groups at C (6) position of the dihydrotriazine ring were not well tolerated in terms of inhibitory activity towards hDHFR, yielding less effective antiviral compounds. In the novel derivatives, the piperidine nucleus created an opportunity to form new additional interactions, enabling us to probe the steric and electronic tolerance of the side chain at the hDHFR active site.
Chemistry
Compounds 1e21 were prepared with a three-step synthetic route. In the first step the proper amine, cyanoguanidine and 1-Boc-4-piperidone were reacted in acid catalyzed conditions (Scheme 1). Then the protective group was removed with trifluoroacetic acid (20%) (Scheme 2).
In the last step the piperidine nitrogen has been reacted with Fig. 3 . Structure of the investigated 1-alkyl azaspiro-2,4-diamino-1,6-dihydrotriazines 12e21. acyl chlorides, sulfonyl chlorides, isocyanates and carboxylic acids to obtain the corresponding amide and ureido functions (Schemes 3e6).
A "one pot" reaction of the proper aniline derivative, 1-benzylpiperidin-3-one, previously converted into hydrochloride salt, and dicyandiamide at reflux for 8 h provided compounds 22 and 23 (Scheme 7). These compounds crystallized directly from the reaction mixture as pure hydrochlorides.
All new compounds showed analytical and spectroscopic data in agreement with their structures (see Experimental Part). The purity of compounds (checked by HPLC or elemental analyses) resulted in all cases >95%. In the first series of cycloguanil-like dihydrotriazine derivatives (i.e. compounds 1a, 11a, 13a, 14a and 16a of Fig. 1 ) the conventional nomenclature of dihydrotriazine ring attributed the position 1 to the 1-aryl substituted N atom and the position 2 to the dimethyl substituted C atom [21] ; in the new compounds series, the presence of spiro-piperidine ring imposes a different numbering of substituents on the dihydrotriazine nucleus, where the position 1 is unchanged, while the disubstituted C (2) becomes the new spirane C (6). In parallel, the cytotoxicity of the compounds was determined by microscopy and MTS assay, yielding the MCC and CC 50 values, respectively (Table 1 ). In addition, the target compounds were tested against a diverse panel of other viruses, including RSV (Table 1 ) which was highly susceptible to the previously reported series of cycloguanil-like dihydrotriazines [21] depicted in Fig. 1 .
Although the test compounds were directed towards a host cell enzyme, they produced no or marginal cytotoxicity at 100 mM in human cervix carcinoma HeLa or african green monkey Vero (results not shown) cell cultures, which were not highly proliferating due to addition of only 2% fetal calf serum (FCS) in the infection medium. Somewhat higher cytotoxicity was observed in the MDCK cells, which were actively dividing in the influenza assays due to the use of Ultra-MDCK ® medium. This specialized medium enables to work under FCS-free conditions when adding trypsin to achieve multicycle influenza replication [23] . For instance, for the two most potent antiviral compounds 4 and 6, the MCC was 0.8 mM (4) and 0.16 mM (6) . Yet, their 50% cytotoxic concentration values (i.e. CC 50 assessed by MTS cell viability assay), were 18 and 51 mM for 4 and 6, respectively, which is 22-and 319-fold higher than the corresponding MCC values.
As for antiviral activity, eight out of 23 synthesized compounds were active against influenza B virus with EC 50 values in the range of 0.19e39 mM. Four of the eight influenza B hits were active against influenza A and two were also active against RSV (4 and 6, EC 50 ¼ 0.40 and 1.8 mM, respectively). Compound 4 exhibited similar activity for influenza B and RSV (EC 50 values of 0.29 and 0.40 mM, respectively; P-value >0.1; two-sided Student's t-test [24] ); its anti-influenza potency was comparable to that of zanamivir (EC 50 ¼ 0.14 mM) and was 11-fold higher than that of ribavirin.
For influenza B, 4 exhibited a favorable SI (ratio of CC 50 to EC 50 ) of 62. Even higher activity and, in particular, selectivity were noted for compound 6 (EC 50 ¼ 0.19 mM; SI: 268), which similarly to 4 was also active against RSV. This result indicates that the DHFR enzyme is equally important for supporting influenza replication in MDCK cells as it is in allowing RSV replication in HeLa cells. MDCK and HeLa are the prototypic cell lines for antiviral research on influenza and RSV, respectively, since they give robust virus replication and CPE.
The previous set of cycloguanil-like derivatives bore at N (1) of dihydrotriazine core a variously substituted aromatic ring, where lipophilic electron-withdrawing groups in position 3 properly conditioned the antiviral activity, as demonstrated by the submicromolar range potency of 11a-16a (EC 50 ¼ 0.015e0.10 mM) against influenza B virus [21] .
Analyzing the role of the substituent at N (1) position of the new dihydrotriazines, a phenyl ring (2e6, 8, 9) provided again activity against influenza B, and in some cases, influenza A virus, whereas a 3-chlorobenzyl moiety or n-propyl or methoxyethyl chain abolished the activity. The only exception was derivative 20, which displayed an EC 50 of 3.0 mM against influenza B virus; this molecule combined a methoxyethyl substitution at N (1) with an ethylsulfonic group, such as decoration of spiropiperidine nitrogen. Basing on our positive results for the previous series of cycloguanil analogs, the 3-Cl or 3-OCH 3 substituents were included on the phenyl ring at N (1) position of dihydrotriazine (Fig. 2) . The data confirmed that a 3-Cl atom (2e6) enhances the antiviral potency for influenza B, whereas the 3-OCH 3 group is less effective (8, 9) .
In place of the two methyl groups of the most potent cycloguanil-like derivatives (11a-16a), the new dihydrotriazines bore the spiropiperidine ring, whose nitrogen atom was differently functionalized. Regarding the influence of the R 1 variation at the piperidine nitrogen, carbamic (2, 8) , amide (3e5 and 9) and ureido (6) functions were permitted, while the lack of a substituent abolished the activity (1 and 7). Among the active compounds bearing an amide function (3e5), the 4-tolyl ring (4) provided the highest potency for influenza B (EC 50 ¼ 0.29 mM), 26-and 14-fold better than the analogs 5 and 3, which carry a naphthyl and cyclobutyl moiety, respectively. It is worth noting that the antiviral activity was mainly determined by the presence of the phenyl ring at N (1) rather than the substituent on the piperidine nitrogen.
For four 1-phenyl substituted dihydrotriazines (i.e. 2, 3, 5 and 8), the favorable activity against influenza B was confirmed for influenza A virus. It was remarkable that 4 and 6, the two best compounds for influenza B, were found inactive against influenza A virus. These 1-(3-chlorophenyl) derivatives (4 and 6) compare favorably for potency and safety profile (EC 50 ¼ 0.29 and 0.19 mM;
SI ¼ 62 and 268, respectively) with the 3-Cl-and 3,4-diCl-phenyl substituted cycloguanil analogs 11a and 16a, which showed EC 50 values against influenza B virus equal to 0.10 and 0.080 mM, and SI of 14 and 84, respectively [21] ; however, the 3-Br (13a) and 3-CF 3 (14a) cycloguanil-like derivatives remain unsurpassed, providing better antiviral activity and selectivity indexes (EC 50~0 .016 mM; SI ¼ 1812 and 407, respectively). On the other hand, 4 and 6 were the only two compounds in the entire series with activity against RSV, for which a superior SI (ratio of MCC to EC 50 ) was noted (250 and 56 for 4 and 6, respectively). In terms of anti-RSV potency, these two molecules were 15-fold (4) and 3-fold (6) superior to the licensed drug ribavirin (EC 50 ¼ 5.8 mM), a non-specific anti-RSV drug [25] , whose administration can be burdened by toxicity. Nevertheless, 4 and 6 result significantly less effective anti-RSV agents than cycloguanil-like dihydrotriazines (11a-16a), which exhibited EC 50 values in the range 0.0075e0.080 mM, and markedly superior SI values between 1250 and 13333 [21] . None of the compounds investigated here displayed activity against DNA viruses (i.e., herpes simplex virus, adenovirus or vaccinia virus), enveloped RNA viruses (i.e., HIV, coronavirus, parainfluenza-3 virus, vesicular stomatitis virus, sindbis virus, yellow fever virus or Punta Toro virus) or non-enveloped RNA viruses (i.e., Coxsackievirus B4 and reovirus-1) (data not shown).
Recent studies from the literature have identified new classes of antiviral agents able to target diverse host factors indispensable for efficient virus replication: as an example, the human DEAD-box polypeptide 3 (DDX3) inhibitor, 1-[4-(4-methyl-1H-1,2,3-triazol-1-yl)phenyl]-3-o-tolylurea (16d), has elicited interest for its broad spectrum of antiviral activity against HIV, Hepatitis C virus (HCV), !100 >100 >100 >100 9 >100 28 !100 >100 >100 >100 10 >100 >100 >100 >100 >100 >100 11 >100 >100 >100 >100 >100 >100 12 >100 >100 >100 >100 >100 >100 13 >100 >100 >100 >100 >100 >100 14 >100 >100 >100 >100 >100 >100 15 >100 >100 >100 >100 >100 >100 16 >100 >100 >100 >100 >100 >100 17 >100 >100 >100 >100 >100 >100 18 >100 >100 >100 >100 >100 >100 19 >100 >100 >100 >100 >100 >100 20 >100 3.0 >100 >100 >100 >100 21 >100 >100 >100 >100 >100 >100 22 >100 >100 >100 >100 >100 >100 [6] . Also the (imidazo-pyridazinyl) benzenesulfonamide derivative (10) has displayed a significant antiviral profile (mean EC 50~5 4 nM and SI~339) against three single stranded þRNA viruses, such as human rhinovirus 1 (HRV1), coxsackie virus B3 (CVB3) and HCV (1 b-genotype), impairing the activity of phosphatidylinositol 4-kinase IIIb (PI4KB) [7] . By comparison with the aforementioned host-factor directed compounds, also the azaspiro dihydrotriazines 4 and 6 may represent valid hits, worthy of further assessment to develop more efficient antiviral agents. 3.2. Inhibition of hDHFR enzyme. In order to verify the host factor DHFR inhibition as mechanism of action by which the novel azaspiro dihydrotriazines exploit their antiviral effect, the most potent compounds (4, 6 and 20) were assayed against the recombinant hDHFR enzyme, displaying sub-micromolar or low micromolar Ki values (Table 2) . Interestingly, these compounds exhibited an inhibitory behaviour (Ki) on hDHFR comparable to the antiviral activity (EC 50 ) showed against Influenza B virus: in fact, the most potent compound 6 (EC 50 ¼ 0.19 mM) provided the lowest Ki value equal to 0.53 mM, and the less effective compound 20 (EC 50 ¼ 3.0 mM) possessed the highest inhibition constant (Ki ¼ 1.40 mM). Therefore, as previously demonstrated for cycloguanil-like dihydrotriazines [21] , the host (human) DHFR was found to be the molecular target of the novel azaspiro dihydrotriazine derivatives.
Molecular modeling
In our previous work towards the identification of novel and safe antiviral agents, we explored the molecular docking poses of cycloguanil-like dihydrotriazine derivatives, featuring a promising antiinfluenza activity (11a, 13a, 14a, 16a) at the X-ray crystallographic structure of the human DHFR. The chosen X-ray data included the host enzyme in complex with a pyridopyrimidine-based inhibitor (I) (pdb code ¼ 4QHV; resolution ¼ 1.61 Å) (Fig. 4) [26] .
In virtue of the related structural similarity between the dihydrotriazine scaffold and the co-crystallized ligand, our previous docking calculations allowed to gain a better understanding of the mechanism of action of our first series of derivatives [21] .
As shown in Fig. 4 , the co-crystallized inhibitor I displayed two H-bonds between the two amine groups linked to the pyrimidine core and the I7 and E30 carbonyl groups and side-chain, respectively. Notably, this kind of contacts were thought to be the most relevant in the DHFR inhibitor activity.
In addition, the bicyclic aromatic ring was involved in pÀp stacking interactions with Y33 and F34, while the 4-isopropylphenyl ring established Van der Waals contacts with F31, P61 and L67.
Based on our previous findings, the introduction of bulky group or of a cycloalkyl ring at C (6) of the 1-phenyl substituted dihydrotriazine core caused a different positioning of the derivative with respect to the reference compound I. In fact, this kind of substituents forced the central ring to establish only a H-bond between one of its NH 2 groups and E30. Conversely, smaller substituents were better tolerated, especially when combined with a meta substituted phenyl ring at N (1) of dihydrotriazine ring [21] .
Accordingly, the most promising cycloguanil-like dihydrotriazine derivatives 11a, 13a, 14a, 16a (hDHFR K i ¼ 0.07e0.13 mM)
shared a common docking mode, featuring two H-bonds with I7 and E30, thanks to the two NH 2 groups onto the dihydrotriazine scaffold (in Fig. 5 the docking pose of compound 14a is depicted).
In particular, the dimethyl substitution on the dihydrotriazine core together with lipophilic substituents at the meta position of the phenyl ring, as shown for 14a featuring a 3-CF 3 -phenyl moiety, Fig. 4 . Details of the X-ray crystallographic complex hDHFR -inhibitor I (C atom; green). The most important residues are labelled and coloured by atom type. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) proved to be particularly effective.
Herein, we explored by docking studies the effectiveness of replacing the dimethyl substitution at C (6) of dihydrotriazine with a folded azaspiro-containing substituent, along with the introduction of differently substituted phenyl-and benzyl-rings or alkyl chains, linked at the position 1 of the main core of the derivatives (see Figs. 1e3 ). This kind of decoration was designed with the aim to clarify the relevance of steric properties for dihydrotriazines targeting the hDHFR. In fact, azaspiro derivatives could allow to better fulfil the requirements set forth by the pyridopyrimidine scaffold and the aniline ring of reference compound I.
Indeed, the docking results suggest a beneficial role played by the azaspiro group bearing an aromatic substituent, since it aptly superposed on the aniline moiety of the reference compound I, displayed a comparable pattern of hydrophobic contacts with the surrounding residues, which are predicted to stabilize the inhibitor in the enzyme cavity (Table 1S) .
The concomitant presence of a meta substituted phenyl ring tethering the azaspiro dihydrotriazine core impaired the activity of these derivatives with respect to cycloguanil-like dihydrotriazine derivatives lacking of the azaspiro moiety, especially when decorated with electron-donor groups. On the contrary, the presence of lipophilic and electron-withdrawing groups (e.g., chlorine), at the meta position of the phenyl ring sometimes allows the inhibitor to maintain one of the two key H-bonds with the enzyme, involving I7 (see Fig. 6 ).
Interestingly, the most potent compounds 4 and 6 featuring valuable anti-influenza B activity (mean EC 50~0 .2 mM) displayed additional pÀp stacking interactions projecting the aforementioned phenyl ring towards Y121, and also one H-bond between their carbonyl oxygen atom and the S59 side-chain.
Based on these data, the combination of a carbonyl H-bond acceptor moiety and an aromatic lipophilic group (such as the benzoyl moiety) would be preferred. Accordingly, the predicted energy values of the complexes hDHFR-4 and hDHFR-6 listed in Table 1S were lower than that of the congeners featuring aliphatic groups at piperidine nitrogen (see 2, 3). This seems to be further supported by the lack of activity for all the derivatives being unsubstituted in this position and bearing a variable phenyl ring at N (1) of dihydrotriazine (see 1, 7; EC 50 > 100 mM).
When derivatives characterized by an alkyl chain at N (1) of dihydrotriazine (12e21, Fig. 3 ) are considered, only compound 20 (Influenza B virus, EC 50 ¼ 3.0 mM) exhibited an effective docking mode within the enzyme cavity. As shown in Fig. 7 , its flexible alkyl side chain permitted to the dihydrotriazine portion of the ligand to fill the binding crevice better than reference compound I and previous congeners, which were decorated with conformationally rigid aromatic rings at N (1) of dihydrotriazine.
Notably, this allowed to detect one H-bond with I7, while the sulfone moiety displayed H-bonds with S59. More interestingly, the presence of an oxygen atom along with the aliphatic chain placed at N (1) allowed intramolecular hydrogen contacts with the surrounding NH 2 group onto the dihydrotriazine core. As a consequence, the overall positioning of the ligand oriented the second NH 2 group towards I7, while the azaspiro portion and the sulfone group properly recapitulate the binding mode of the aniline fragment in reference compound I.
Conclusion
This work represents a follow-up of a previous investigation on dihydrotriazine-based derivatives as dual antiviral agents against influenza and RSV viruses, acting on the host factor DHFR. In the new compounds series, the nitrogen of the spiropiperidine nucleus allowed the study of the role of different functionalized side chains, to understand the chemical space for enhanced interactions within the hDHFR enzyme. Whereas the previous series of cycloguanil-like dihydrotriazines emerged as highly potent influenza B and RSV inhibitors displaying nanomolar activity, the novel azaspiro dihydrotriazines, that we presented herein, possessed lower antiviral activity. By enzyme inhibition assays a DHFR-mediated mechanism of action was also confirmed for the new compounds, as we previously demonstrated for cycloguanil-like dihydrotriazines. The two novel compounds with superior activity and selectivity against influenza B and RSV were characterized by the piperidine nitrogen bearing a H-bond acceptor moiety linked to an aromatic lipophilic groups, such as the p-tolylcarbonyl (4) or (4-fluorophenyl)carbamoyl ones (6), joined with the 1-phenyl azaspiro dihydrotriazine. Also compound 20 has been found as promising new hit, combining a methoxyethyl chain at N (1) with an ethylsulfonic group at spiropiperidine nitrogen. Thus, besides the previously studied cycloguanil-like dihydrotriazine derivatives, also the above adequately substituted azaspiro dihydrotriazines may represent valuable starting points deserving further structural optimization. The new SAR insights gathered from this study provide crucial information to further develop this class of host DHFR-directed antiviral agents. 
Three-steps synthesis. Third step from acyl chlorides
The proper acyl chloride (0.134 mmol) was added at r.t. to a stirred solution of the deprotected tetraazaspiro compound (0.134 mmol) in 3 mL of dry THF and 0.13 mL of Et 3 N (0.936 mmol). The reaction was maintained at r.t. with stirring for 12 h. 
. Antiviral assays
The test and reference compounds were prepared as 5e25 mM stock solutions in 100% DMSO. During incubation with the cells, the highest test concentration was 100 mM (or 250 mM for ribavirin).
The full panel of reference compounds was: zanamivir; amantadine; rimantadine; ribavirin; dextran sulphate-10,000; acyclovir; brivudin; cidofovir; zidovudine and nevirapine. The antiviral activity was determined with a broad panel of viruses using cytopathic effect (CPE) reduction or formazan-based cell viability assays. Unless mentioned otherwise below, all cell lines and virus strains were from ATCC. Human influenza A/PR/8/34 (A/H1N1) and B/Ned/537/05 (from R. Fouchier, Rotterdam, the Netherlands) were examined on Madin-Darby canine kidney (MDCK) cells, a kind gift from M. Matrosovich (Marburg, Germany) [27] . Respiratory syncytial virus (RSV; strain Long) was evaluated on human cervix carcinoma HeLa cells; these cells were also used for vesicular stomatitis virus (VSV) and Coxsackie B4 virus. African Green Monkey Vero cells were used for para-influenza-3 virus; reovirus-1; Sindbis virus; Coxsackie B4 virus; Punta Toro virus and yellow fever virus (Stamaril strain 17D). The following viruses were investigated in human embryonic lung fibroblast (HEL 299) cells: herpes simplex virus types 1 and 2; vaccinia virus; human adenovirus type 2 (clinical isolate); VSV; and human coronavirus 229 E. Finally, the activity against human immunodeficiency virus types 1 and 2 [28] was assessed in human MT-4 lymphoblast cells. All cell lines were subcultivated in medium with 10% fetal calf serum (FCS). In the influenza assays, the MDCK cells were kept in FCS-free medium, i.e. Ultra MDCK ® medium (Lonza) containing 2 mg/mL TPCK (tosylphenylalanyl-chloromethylketon)-treated trypsin to cleave the influenza hemagglutinin and achieve multicycle virus replication [23] . HeLa, Vero and HEL 299 cells were kept in medium with 2% FCS, while the MT-4 cells were left in medium with 10% FCS.
All details regarding the antiviral procedures can be found elsewhere [27,29e31] . The cells were seeded in 96-well plates at 10,000 (HeLa); 15,000 (Vero); 9000 (MDCK); or 10,000 (HEL 299) cells per well. HeLa, Vero and MDCK were infected one day later when reaching semiconfluency. HEL 299 were infected after reaching confluency, i.e. at day 5 after seeding. The cell cultures were infected with virus at a multiplicity of infection of 100 CCID 50 (50% cell culture infective dose, i.e. virus dose producing infection in 50% of inoculated wells; calculated by the method of Reed and Muench [32] . Simultaneously with the virus, serial five-fold dilutions of the test or reference compounds were added. To assess compound cytotoxicity, mock-infected plates were prepared in parallel, by adding medium instead of virus. The plates were incubated at 37 C (or 35 C in the case of influenza and coronavirus) during 3e6 days, or 10 days in the case of adenovirus. At that time, manifest CPE was visible in the untreated virus control with 100% of the monolayer showing, dependent on the virus, cell rounding, shrinking, lysis or cell-cell fusion. Microscopy was performed to score the CPE (i.e. score 0, 1, 2, 3 or 4, corresponding to 0, 25, 50, 75 or 100% of the cells showing CPE). Microscopy was also done to monitor cytotoxicity, expressed as the minimum cytotoxic concentration, i.e. the tested compound concentration causing minimal changes in cell morphology such as rounding, shrinking or lysis. In the case of influenza, the CPE assay was complemented by the formazan-based MTS cell viability assay (CellTiter 96 ® AQ ueous One Solution Cell Proliferation Assay from Promega) For HIV, the similar MTT method was used [31] . The values for EC 50 (50% antivirally effective concentration) were calculated by interpolation using semi-log dose response curves. The CPE scores in compound-treated cells were converted into % CPE values relative to the untreated virus control set at 100%. In the MTS (influenza) and MTT (HIV) methods, the % protection against the virus achieved by the compounds was defined as: [(OD Cpd )virus -(OD Contr )virus)]/[(OD Contr )mock -(OD Contr )virus] x 100, where (OD Cpd )virus is the OD for a given concentration of the compound in virus-infected cells; (OD Contr )virus is the OD for the untreated virus control; and (OD Contr )mock is the OD for the untreated mock-infected control. Also the values for CC 50 (50% cytotoxic concentration) were calculated by interpolation using semilog dose response curves. The % cytotoxicity was defined as: [1 -(OD Cpd )mock/[(OD Contr )mock] x 100, where (OD Cpd )mock is the OD for a given concentration of the compound in mock-infected wells.
DHFR inhibition assay
The capability of synthesized chemical library to inhibit the hDHFR enzyme was evaluated with spectrophotometric assay on 96-well multiplate reader (MultiskanGO e ThermoFisher) by monitoring the enzymatic degradation of DHF substrate (dihydrofolate) at 340 nm for 180 s. Each inhibitor compound was firstly dissolved in DMSO (2% v/v) in order to have an initial concentration equal to 10 mM. Each of them was assayed in steady-state condi- Fig. 1S ). The inhibition assay was performed considering a final volume equal to 100 mL. In details, the several reagents were added in this following order: TES buffer, hDHFR enzyme at concentration of 0.42 mM, inhibitor compound at each single evaluated concentration, DHF substrate at concentration of 60 mM, ultrapure water to volume of 100 mL and, at the end, NADPH was added to the reaction mixture, at concentration value equal to 120 mM, for starting the catalytic reaction. No inhibition effect was observed by DMSO on the enzyme activity rate in the range 1e3% (v/v).
Molecular modeling studies
All the compounds were built, parameterized (Gasteiger-Huckel method) and energy minimized within MOE using MMFF94 forcefield [33] . All ligands were used in their protonated state.
Docking calculations within the X-ray structure of human DHFR (pdb code ¼ 4QHV) were performed using the LeadIT 2.1.8 software suite (www.biosolveit.com) including the FlexX scoring algorithm which is based on calculation of the binding free energy by means of Gibbs-Helmholtz equation [34e37] . The software detects the binding site defining a radius of 10 Å far from the co-crystallized ligand, in order to set up a spherical search space for the docking approach.
The standard setting as docking strategy was followed, choosing the so-called Hybrid Approach (enthalpy and entropy criteria), the related scoring function evaluation is described in the literature [34] . The derived docking poses were prioritized by the score values of the lowest energy pose of the compounds docked to the protein structure. All ligands were refined and rescored by assessment with the algorithm HYDE, included in the LeadIT 2.1.8 software. The HYDE module considers dehydration enthalpy and hydrogen bonding [38, 39] .
Finally, the reliability of the selected docking poses was assessed using a short~1 ps run of molecular dynamics (MD) at constant temperature, followed by an all-atom energy minimization (LowModeMD implemented in MOE software). This kind of module allowed to perform an exhaustive conformational analysis of the ligand-receptor binding site complex, as we previously discussed about other case studies [21, 40, 41] .
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